The purpose of this study was to evaluate the influence of ceramic surface texture on the wear of rounded rod specimens. Plate specimens were fabricated from zirconia (ZrO2), feldspathic porcelain, and lithium disilicate glass ceramics (LDG ceramics). Plate surfaces were either ground or polished. Rounded rod specimens with a 2.0-mm-diameter were fabricated from type 4 gold alloy and heat-pressed ceramics (HP ceramics). Wear testing was performed by means of a wear testing apparatus under 5,000 reciprocal strokes of the rod specimen with 5.9 N vertical loading. The results were statistically analyzed with a non-parametric procedure. The gold alloy showed the maximal height loss (90.0 µm) when the rod specimen was abraded with ground porcelain, whereas the HP ceramics exhibited maximal height loss (49.8 µm) when the rod specimen was abraded with ground zirconia. There was a strong correlation between height loss of the rod and surface roughness of the underlying plates, for both the gold alloy and HP ceramics.
INTRODUCTION
Ceramic materials have high mechanical strength and excellent biocompatibility and are used as restorative dental materials. With an increase in aesthetic requests, ceramics have become widely applied to the posterior dentition. The use of zirconia, which is considered one of highest strength ceramic materials, has also expanded into the application of dental materials.
Zirconia restoration consists of a zirconia coping and veneered ceramics 1) . However, a zirconia restoration with veneered ceramics has disadvantages such as chipping or fracture 2) . In response to the problems, monolithic zirconia restorations have been manufactured, reducing the steps required to layer porcelain veneering and improving both the clinical success and durability associated with zirconia restorations 3, 4) . As zirconia material is more wear resistant than many other dental ceramics 5) , the clinical advantages of occlusal zirconia should be considered for the patients suffering from tooth attrition. However, several studies have suggested that zirconia is highly to wear the enamel or dentin of an opposing tooth [6] [7] [8] . Wear is a part of a complex process caused by many factors; the quality and structure of materials, surface hardness, and surface roughness of opposing teeth, foods, brushing, dentifrice, and oral habits. It has been reported that surface roughness, the microstructure of materials, and patient occlusion are additional factors affecting wear [9] [10] [11] . In recent years, studies reporting wear of antagonist teeth abraded by zirconia have been published 5, [12] [13] [14] [15] [16] . Stawarczyk et al. reported that polished zirconia showed a lower wear rate on enamel antagonists within the ceramic materials 14) . Preis et al. reported that polished zirconia yielded superior wear behavior and lower antagonistic wear compared to other ceramics 15) . Thus, polished zirconia tend to show lower wear on antagonists than other ceramics 5, 6, 10, [12] [13] [14] [15] [16] [17] . There have been past studies using rounded rod specimen such as magnesium silicate and human enamel 5, 6, 10, [12] [13] [14] [15] [16] [17] . However, there are few studies that have used dental alloys and dental ceramics as rod specimens. It is possible to easily manufacture a precise rounded rod specimen composed of dental alloys or heat-pressed ceramics using the conventional lost-wax technique 5, 18, 19) . The purpose of this study was to evaluate the influence of ceramic surface texture on the wear of opposing gold alloy and heat-pressed ceramics. Table 1 shows the materials used in this study. Three materials were selected as the plate specimens to be abraded: zirconia (Katana KT10, Kuraray Noritake Dental Inc., Tokyo, Japan), feldspathic porcelain (porcelain, EX-3 nA1B, Kuraray Noritake Dental), and lithium disilicate glass ceramics (LDG ceramics, e.max CAD MO1/C14, Ivoclar Vivadent AG, Schaan, Liechtenstein). The specimens were manufactured into rectangular plate (18×18×2 mm). They were sintered in an electric furnace according to the following Influence of ceramic surface texture on the wear of gold alloy and heat-pressed ceramics The plate specimens were either ground or polished. To fabricate the ground surface, plate specimens were abraded with an FG contra-angle handpiece (S 200MLX, Yoshida Dental MFG Co. Ltd, Tokyo, Japan) and a diamond point cutting instrument (102R, Shofu Inc., Kyoto, Japan). The FG contra-angle handpiece applied a constant pressure of 2.0 N (Fig. 1) . To fabricate the polished surface, ground specimens were polished using a polishing set (StarGloss blue/pink/gray, Edenta AG, Hauptstrasse, Switzerland). Finally, they were polished using brushes with diamond paste (Zircon-Brite, Dental Ventures of America, Corona, CA, USA). Seven plate specimens were manufactured for each ceramics and surfaces.
MATERIALS AND METHODS

Materials assessed
Rounded rod specimens were fabricated with type 4 gold alloy (type 4, Casting Gold M.C. Type IV, GC Corp., Tokyo, Japan) and heat-pressed fluorapatite glass ceramics (HP ceramics, e.max ZirPress LT A3, Ivoclar Vivadent) (Fig. 2) . Seven rod specimens were prepared for each materials. Plastic patterns to be used for the rod specimens were prepared with prefabricated acrylic rods and spherical particles with a 2.0-mm-diameter (PMMA ball, Sato Tekko Co. Ltd., Toyama, Japan). The plastic patterns were invested in a cristobalite mold material (Ideavest Micro, GC Corp.) and the gold alloy was cast in the mold. The cast rods were age-hardened and polished with a series of silicone point instruments (Silicone Points M2 13/10, Shofu). The rod pattern for the HP ceramics was invested into a mold material (IPS Pressvest, Ivoclar Vivadent). The ZirPress material was then heat-pressed in to the mold according to the following manufacturer specifications (IPS Empress EP 500 Press furnace, Ivoclar Vivadent): pre-drying temperature: 700°C, heating rate: 60°C/min, firing temperature: 900°C, and hold time: 15 min. The HP ceramic rods were then coated with glaze paste and sintered according to the following manufacturer specifications: pre-drying temperature: 403°C, heating rate: 60°C/min, firing temperature: 770°C, and hold time: 1-2 min.
Vickers hardness number (Hv)
Each material was manufactured into a rectangular plate (18×18×2 mm) to be measured for Vickers hardness. Six plate specimens were prepared for each ceramics. The materials were wet-ground with a series of silicon carbide abrasive papers and polished using a felt and monocrystalline diamond suspension. A Vickers indenter was used to press six areas for each specimen for 15 s at a load of 9.8 N using a micro hardness tester (HMV-1, Shimadzu Corp., Kyoto, Japan). Six measurements were carried out for each material.
Surface roughness (R a)
The surface roughness (Ra) of the three plate specimens after grinding and polishing were measured using a profilometer (Surfcom 1400A, Tokyo Seimitsu Co. Ltd., Tokyo, Japan) according to the Japanese Industrial Standards (JIS B 0633:2001). Seven plate specimens were measured for each ceramics. Five measurements for each specimen were carried out parallel to the wear test direction.
Wear test
All plate specimens were embedded in epoxy resin (EpoxiCure, Buehler). A pair of plate specimen and rod specimen was placed in a sliding wear test apparatus (K-317, Tokyo Giken Inc., Tokyo, Japan). The surface to be worn was submerged in a slurry composed of equivalent weight of reagent grade glycerol (99%, Wako Pure Chemical Ind., Osaka, Japan) and poly methyl methacrylate (PMMA) spherical particles (Acron, GC Corp.). Wear testing was performed using 5,000 reciprocal strokes of the rod with 5.9 N vertical loading and a 3 mm stroke width 18, 19) (Fig. 3) . The height loss of the rods (in µm) was determined using a scaning laser microscope (1LM21W, Lasertec, Yokohama, Japan).
Scanning electron microscopic observation
Worn specimens were mounted on stubs, dried in a vacuum desiccator for 24 h, and vacuum-deposited with osmium (HPC-1S, Vacuum Device Ins., Mito, Japan) for 30 s. The worn surfaces of the ground plates and two rods were observed using a scanning electron microscope (S-4300, Hitachi High-Technologies, Tokyo, Japan) operated at 15 kV.
Statistical analysis
Statistical analysis was performed using statistical analysis software (IBM SPSS Statistics Ver. 19, IBM, Somers, NY, USA). The average values, medians, and standard deviations of the Vickers hardness number, height loss of the rod, and surface roughness of the plate were calculated. The results were primarily analyzed using the Kolmogorov-Smirnov test for the evaluation about distribution. When the KolmogorovSmirnov test indicated normal distributions, the results were subsequently analyzed using the Levene test for equality of variances. When the Levene test results did not show equality of variances for at least one category, the results were analyzed using the KruskalWallis test (SPSS 19) . Based on the Kruskal-Wallis test results, Steel-Dwass non-parametric multiple comparisons (Kyplot 5.0, KyensLab Inc., Tokyo, Japan) were applied to compare the differences among the specimens. In all tests, p values less than 0.05 were considered statistically significant. The correlation and linear regression analyses between the height loss of the antagonist and surface roughness of the agonist were also analyzed (SPSS 19). Furthermore, the correlation coefficient between the height loss of the rod and surface roughness of the plate was calculated. Table 2 shows the hardness testing results of the five materials. Kolmogorov-Smirnov test revealed that the hardness testing results were normally distributed (p>0.05). The Levene test showed that equality of variances was not observed (p=0.04). Hardness testing results were therefore analyzed using Steel-Dwass nonparametric multiple comparisons. The material with the highest hardness number was the zirconia, with a median Vickers hardness number of 1,443.5 (category a). The material with the lowest hardness number was the gold alloy, with a median Vickers hardness number of Table 4 shows the height loss after wear testing of the gold alloy rod. Kolmogorov-Smirnov test revealed that the height loss of the gold alloy rod abraded with ground and polished surfaces normally distributed (p>0.05). Levene test showed that equality of variances was not observed (p=0.03). The results of wear testing were therefore analyzed using Steel-Dwass non-parametric multiple comparisons. Median height loss of the gold alloy rod was greater after abrasion with porcelain (90.0 µm, categories j and l) than after abrasion with zirconia or LDG ceramics (categories k and m). Table 5 shows the height loss of the HP ceramic rod. Kolmogorov-Smirnov test revealed that the results were normally distributed (p>0.05). Levene test showed that equality of variances was not observed (p=0.03). The results were therefore analyzed using Steel-Dwass nonparametric multiple comparisons. For ground surfaces, median height loss of the HP ceramic rod was the greatest after abrasion with zirconia (51.1 µm, category n), followed by porcelain (28.1 µm, category o), and LDG ceramics (21.4 µm, category p). For polished surfaces, median height loss of the HP ceramic rod was greater after abrasion with porcelain (9.6 µm, category q) than after abrasion with zirconia (6.6 µm) or LDG ceramics (6.0 µm, category r). Strong correlation between height loss of the rod and surface roughness of each the underlying plates for both gold alloy and HP ceramic rods (Figs. 4 and 5) . The correlation coefficients varied from 0.816 to 0.968 for gold alloy rod and 0.781 to 0.981 for HP ceramic rod.
RESULT
Vickers hardness number (Hv)
Wear testing
The regression coefficients varied from 4.461 to 149.869 for gold alloy rod and 7.068 to 58.643 for HP ceramic rod. Figure 6 shows the worn surfaces of a gold alloy rod abraded with ground and polished plates. Figure 7 shows the worn surfaces of a HP ceramic rod abraded with ground and polished plates. Worn surfaces were clearly observed for both rods abraded with ground plates (Figs. 6a-c, and 7a-c) . Figure 8 shows the worn surfaces of ground plates abraded with gold alloy and HP ceramic rods. When porcelain and LDG ceramic plates were abraded with the HP ceramic rod, streaks were clearly observed (Figs. 8e and f) . The worn surfaces of polished plates were not recognized the trace of the abrasion by SEM. 
Scanning electron microscopic observation
DISCUSSION
Recently, there has been an increase in the clinical use of ceramic materials in the posterior area. It is thought that antagonist teeth wear easily when exposed to ceramics because ceramic materials have high mechanical strength. This study was carried out using uniform conditions to test standardized antagonist specimens. In the previous studies 5, 6, 10, [12] [13] [14] [15] [16] [17] , standardized antagonist specimens such as magnesium silicate and human enamel have been used. The current study employed standardized rounded rod specimens made of type 4 gold alloy and HP ceramics, both are applicable for centric holding cusps of premolars and molars. It was easy to prepare standardized specimens with the gold alloy and HP ceramic using the conventional lost wax technique 5) .
Different two plate surfaces were prepared considering clinical setting. The ground surface corresponded to coarse occlusal adjustment, while the polished surface corresponded to chair-side or intra-oral polishing. The current wear testing procedure mimics cuspal grinding closely related to occlusal contact wear 9) . The testing was carried out in the presence of polymerliquid slurry, which is effective to remove wear debris from material surfaces 10) . The Vickers hardness of the rod and plate materials was measured before the wear testing. Hardness of zirconia was significantly higher than that of all other materials, and hardness of gold alloy was the lowest among the five materials. In addition, surface roughness of three ceramic plates was determined both after grinding and polishing. Within the three plate materials, surface of zirconia was the smoothest both after grinding and polishing. The results may be derived from strong mechanical characteristics as well as smoother microstructure of densely sintered zirconia against cutting with diamond rotary instruments and polishing with fine diamond particles. Also, generation of micro voids during sintering and difference in properties of component may enhance roughness after abrasion of feldspathic porcelain 6, 10) . In the wear testing, both gold alloy and HP ceramics showed strong correlation between height loss and surface roughness of ceramic plates. However, wear rate of the HP ceramics abraded with ground ceramic plates was notable. The ground zirconia plate wore HP ceramic rod more than the other ceramic plates, and height loss of HP ceramic rod did not correspond to the surface roughness of the ceramic plates. The median hardness number of zirconia was 1443.5 Hv, which was significantly higher than that of the other materials. The HP ceramics showed the median hardness of 553.0 Hv, and the value was not particularly great among the ceramic materials. Furthermore, scanning electron micrographs after wear testing exhibited that neither scratches nor worn areas were observed at the ground surface of the zirconia plate. The authors speculate that glazed layer, with the thickness of approximately 35 to 40 µm, of the HP ceramic rod 10, [14] [15] [16] was susceptible to wear with the extremely hard zirconia plate especially under the ground coarse condition. After the wear testing against the ground plates, the glazed layer of the HP ceramic rod was removed by abrasion of zirconia (Fig. 7a) .
The ground ceramics plates showed high regression coefficients except one condition (Fig. 5d) . The gold alloy rod abraded ground porcelain plate showed the highest regression coefficient value (Fig. 4e,  y=149 .869×−221.818). This may be because wear is influenced by additional factors other than the hardness, such as structure density and crystalline structure.
Hardness of the porcelain, HP ceramics, and LDG ceramics was within the range from 519.5 to 607.5, and they were considerably smaller than that of zirconia (1,443.5) . It is considered that generation of scratches after abrasion on the porcelain (Fig. 8e) and LDG ceramics (Fig. 8f) derives from similarity in hardness among the porcelain plate, HP ceramic rod 10) , and LDG ceramic plate.
Within the limitations of the current study, strong correlation was found between height loss of gold alloy or HP ceramic rod, and surface roughness of the underlying zirconia, LDG ceramic, and porcelain plates. It seemed that the glaze surface of the HP ceramic rod was abraded during the early stage of wear testing. It has been reported that wear of ceramic restoration occurs within six months after insertion through the loss of the glazed layer 6, 10) . Ceramic surfaces should be polished before glazing as long as possible. Clinicians must also be kept in mind that ceramic restorations after insertion and occlusal adjustment should finally be polished with an appropriate polishing system.
